To achieve high-level production of human lymphotoxin (hLT), a plasmid (p/JLT-ldhfr) containing the hLT genomic DNA, a mouse dihydrofolate reductase (DHFR) CDNA,and a bacterial Ecogpt gene was cotransfected with a plasmid (p/JLTML) encoding only the hLT genomic DNAinto Chinese hamster ovary (CHO-K1)cells at a 1 : 7 molar ratio. Subsequently one of the Ecogpt-positive clones (clone A31) was grown in stepwise increasing concentrations of methotrexate (MTX). A large amount of the hLT was secreted by cells resistant to increased levels of MTXas a result of coamplification of the DHFRCDNAand the hLT gene. A cell clone (clone M-l) resistant to up to 500nM MTX constitutively expressed the hLTat a concentration of 80 jig per ml at an elevated level for about 2 months. The hLT was produced in glycosylated form the molecular mass of which was 23,000 daltons and the mRNA was normally spliced, so the protein molecules were probably homogeneous.
LT is a lymphokine produced by phytohemagglutinin or lectin activated lymphocytes.Î t specifically inhibits tumor cell growth in vivo2) and in vitro,3) and shows little anticellular activity on primary cell cultures and normal cell lines.4) Therefore, LT may have considerable potential in the treatment for tumors. The hLT gene was cloned at the CDNAlevel, and the CDNA clone was used to express recombinant hLT in E. coli.5) As measured by protein sequencing, mature LT is 171 residues in length (M, 18,660) . The hLT produced by E. coli has no carbohydrate, but a natural LT is a glycoprotein with a monomericmolecular mass of approximately 20,000 daltons.6) Since it was suggested that the carbohydrate groups might be required for the full spectrum of the biological activity of a natural LT, the use of mammalian cells would be preferable for expressing a natural LT. A large quantity of the LT close to the natural LT can be produced by complementing a powerful transcriptional unit with a high gene copy number. Recently it was found that the 1.2kb DNA fragment of the 5'-noncoding region of the human /?-actin gene has stronger activity to promote transcription of genes than SV40early promoter in some human or mouse cells.7)
Therefore, this 1.2 kb human /?-actin fragment will be useful for constructing mammalian expression vectors.
In this paper, to achieve high-level production of human LT, we constructed an amplifiable vector containing hLT genomic
DNAunder the control of the human /?-actin promoter and a mouse dhfr CDNA. This vector also contains a bacterial Ecogpt gene as a dominant selectable marker. were transformed with this vector, and then Ecogpt-positive clones were exposed to increasing concentrations of MTX.Consequently, MTX-resistant clones constitutively produced elevated levels of hLT.
Materials and Methods
Cell lines. Chinese hamster ovary cells (CHO-K1), BHK, FL, and Chang Liver were grown in Eagles' minimal essential medium (MEM) with 5% fetal calf serum (FCS). Cells were maintained at 37°C in a humidified atmosphere of5% CO2.
Construction ofplasmids. The structures of the hLT expression vectors are shown in Fig. 1 p^LT-ldhfr (20fig for 1 x 107 cells) and p^LTML (100/ig for 1 x 107 cells) were cotransfected into CHO-K1cells at a 1 :7 molar ratio by a modification of the methods of Chu and Sharp.10) Each plasmid DNAwas coprecipitated, with ethanol and suspended in lOOjul of 10mMTris-HCl (pH 8.0), 1 mMethylendiaminetetraacetic acid (EDTA). To the DNA solution, 0.3ml of2m CaCl2 and 2.1 ml ofH2O were added and this solution was slowly dropped into 2.5ml of double-strength HBS buffer (HBS=280mM NaCl, 0.6mM NaH2PO4, 0.6mM Na2HPO4, and 50mM HEPES, pH 7.2) with continuous stirring.
A calciumphosphate-DNAcomplex was allowed to form for 30min at room temperature, and suspended with 107 pelleted cells.
After incubation for 15min at room temperature, the cocktail was diluted 10-fold with medium and plated on a </> 9cm dish at 106 cells per dish. After incubation for 5 hr at 37°C, the cells were washed twice with 0.8% NaCl solution, fed with 10ml of medium, and incubated at 37°C in CO2-incubator. In 48hr, the cells were transferred to selection mediumcontaining 25 /ig/ml mycophenolic promoter/enhancer region was fused to the human LT gene. E-l, E-2, E-3, and E-4: the first, second, third, and fourth exons of the human LT gene.
acid, 0.1 /ig/ml aminopterin, 200/ig/ml xanthine, 25 /zg/ml adenine, and 5/ig/ml thymidine. Two weeks later, independent colonies could be observed. These were picked out and transferred to 96-well microplates.
For transient assays, p/?LT-l and pSVeSmaI-2 were transfected into BHK,FL, Change Liver, and CHO-K1 cells (5 jug for 104 cells). Cells were immediately transferred to 12-well plates. After cultivation for 4 days in MEM with 5% FCS, the mediumwas collected from each well and assayed for LT activity.
LTassay. Assay for the biological activity of LT was done in 96-well microtiter plates. LT-sensitive L-929 mouse fibroblast cells were added to each well at a density of 3x 104 cells per well in 100/zl ofD-MEMwith 5% FCS. After incubation for 18hr at 37°C, the mediumwas exchanged for 100 [A ofD-MEMcontaining serially diluted samples and 1 /^g/ml actinomycin-D.
After incubation for 10hr, the plates were stained with 0.036% neutral red solution, and the percentage of dead cells was measured.
The LT activity of the sample was calculated as the reciprocal of the highest dilution that killed 50% of the cells. All LT assays were run in parallel with a laboratory standard and the titer was expressed in laboratory units.
GenomicDNAblot analysis. High molecular weight cellular DNAwas isolated as described by Maniatis et al.9) A total of 20 /*g ofgenomic DNAwas completely digested with the indicated restriction endonuclease, and the same were electrophoresed on 1%agarose gels. The gels were soaked in 0.25 m HC1for 7min to insure complete transfer of large fragments, followed by denaturation with 0.5 m NaOH/1.5M NaCl for 45min. The DNA was then transferred from the gel to a natural nitrocellulose filter in 20 x SSC (0.3 M NaCl/0.03 m sodium citrate) by the method of Southern.11* The filters were then rinsed in 2 x SSC and baked for 2hr at 80°C. Before hybridization, filters were pretreated for 4hr
in hybridization solution (6 x SSPE, 0.5% sodium dodecyl sulfate (SDS), 5 x Denhart solution, and 250fig denatured salmon sperm DNAper ml) at 65°C. Hybridization was done overnight at 65°C in hybridization solution and 32P-labeled DNAprobe prepared by nick translation kits (Amersham) . Filters were then washed three times in 2xSSC containing 0.1% SDS, and twice in 0.1xSSC
containing 1% SDS at 65°C before autoradiography. Dot hybridization was done by ATTO's dot blotting system. Cells were counted accurately and suspended in a small volume of medium (20-100 /il). The suspension were poured into wells of the apparatus and cells were bound to a nitrocellulose filter with a vacuumpump. The filter was soaked in 0.5m NaOHfor 7min, washed with 0.6m NaCl/1m Tris-HCl, pH 6.8, and removed from the apparatus. The filter was then incubated in 1.5m NaCl/0.5M Tris-HCl, pH 7.4, for 5 min, floated on 95% ethanol, and washed with CHC13. Finally it was rinsed with 0.3 m NaCl and baked at 80°C for 2hr. Hybridization was done in the manner described above.
RNAanalysis. For dot-blots, total RNA was prepared from transfected cells using the hot phenol technique, dissolved in 10mM Tris-HCl, pH 7.5/1him EDTA and ethanol precipitated.
The RNAwas diluted serially in 2.2 M formaldehyde and spotted on a nitrocellulose filter. After it was baked for 2hr at 80°C, the filter was hybridized 503 with a nick-translated DNAprobe. Then in the same manner as Southern blots, these filters were prehybridized, hybridized, and the autoradiography was performed. For Northern blots, poly(A) + RNAwas purified by oligo(dT) cellulose chromatography, separated on a 1 %agarose gel containing 2.2m formaldehyde, and transferred to a nitrocellulse filter. Finally the filter was baked for 2hr at 80°C.
Results
Comparison between fi-actin and SV40 early types were transiently transfected with the p/?LT-l or pSVeSmaILT-2. After cultivation for 4 days, the activity in the mediumwas measured. LT activity (units/ml/106 cells/gene). CHO-K1cells were transfected with the pjSLT-1 or pSVeSmaILT-2. Stable transformants by p£LT-l or pSVeSmaILT-2 were pooled (140 colonies each) and assayed for LT expression from 24 to 96 hours. about 4-5 times higher than those directed by the SV40 early promoter. Next, total cytoplasmic RNAwas extracted from these cells and hybridized to a radio-labelled hLT probe. Table I(C) shows that the transcriptional levels of hLT driven by the jS-actin promoter were also about 3-5 times higher than those driven by SV40 early promoter.
Cotransfection
of CHOcells with pfiLT-ldhfr and pfiLT-lML CHO-K1 cells were transformed with p/?LTldhfr and p^LT-lML at a 1>7 molar ratio and cultured for 48hr. The cells were then transferred into selection mediumcontaining 25//g/ml mycophenolic acid and 0.1/ig/ml aminopterine. Two weeks later, 380 Ecogptpositive transformants were obtained and transferred to 96-well microplates. To screen for clones that constitutively express the hLT gene and secrete the protein in the medium, these cells were grown to confluence in 96-well microplates. Then the mediumwas changed (100 fA per well) and the samples of the medium were used for the assay of LT activity after 24hr. Of the 380 clones examined, clone A31 produced about 20,000 units per ml ofLT. The levels of hLT produced varied from almost none to 20,000 units (7.0fig) per ml.
Amplification of hLT production
To obtain a cell line that constitutively produced higher levels of hLT, the coamplification ofhLT genomic DNAlinked to a mouse dhfr CDNAwas studied in CHO-K1 cells. As a parent cell, the clone A31 was grown in stepwise increasing concentrations of methotrexate (MTX). In two weeks, MTX-resistant colonies were selected and transferred to 96-well microplates for the assay of LT activity. To obtain clones that had increased hLT production, further selection was done by exposure to stepwise increasing concentrations ofMTX.Then cell cloning was done to stabilize hLT activity of cells. Table II shows that the clones from clone A31 resistant to 200, 500, and 1,500nM MTXconstitutively produced increasing levels ofhLT. The cell clone resistant up to 1,500nM MTXexpressed levels of hLT at a concentration of about HO^g/ml for a few weeks, assuming that 1mg of hLT was a LT activity (units/ml). Each cell was seeded at a density 1.0 x 105/ml in 12-well plates. After cells were cultivated for 5 days, cell supernatants were assayed for LT activity. Cells counted accurately were fixed to nitrocellulose directly and DNAswere extracted on it. Subsequently, the filter was hybridized to a 32P-labeled probe prepared by nick translation of a 0.4kb Accl-EcoRl fragment in the fourth exon of human LT gene and prepared for autoradiography.
As a standard, FL cells were put on, assuming they have two copies of the LT gene per cell.
As natural LT has a molecular mass of approximately 60,000 daltons and is dissociated to a Mr20,000 species as a monomer,6)the mobility of this protein indicates that the LT produced by M-l cells was secreted as the glycosylated form.
Genetic characterization of the hLT producing cell lines
At first, clone A31 was started to select for resistance to 200 nMMTX,and 6 months later, the cell clone resistant up to 1,500nM MTX was obtained. Consequently the cell clone showed constitutive production of LT. Dot blot hybridization analysis showed that clone A31, A31-33 (resistant to 200nM MTX), M-l (resistant to 500nM MTX), and MA-8 (resistant to 1,500 nMMTX)contained respectively 8, 32, 64, and 128 copies of the hLT gene respectively (Fig. 3) . It suggests that the increment of LTactivity was due to amplification of the LT gene copy number. Cellular
DNAof clone M-l was isolated, cleaved with appropriate restriction enzymes, and analyzed by Southern hybridization. Figure 4 shows the relative number of NcoI-EcoRI or HindlllEcoRl digested DNAsequences hybridizing to the nick-translated AccI-EcoRI fragment of hLT genomic DNA. In cellular DNA, fragments with the size similar to those of p^LT-ldhfr and p/?LT-lML were found to be abundant with a very little additional bands (about 1.5kb size each). Therefore, most of p^LT-ldhfr and pjSLT-lML plasmid DNA sequences were intact in these cells, although a part of integrated plasmid might be rearranged during amplification.
The hLT
RNAproduced by clone M-l was analyzed by
Northern hybridization. Mainly one RNA species was identified as a LT mRNA with 1.2kb (Fig. 5) . Although some hybridizable bands were visible in high molecular size, these might be non-specific to the LT probe. Because
Northern hybridization using papers conjugated poly(U) (Messenger Activated Paper:
Orgenics Ltd.) demonstrated that only one RNAspecies was identified (data not shown). Accordingly the hLT mRNAproduced by clone M-l was normally spliced and the protein molecules were probably homogeneous.
Discussion
The jS-isoform of actin, a major component of the cytoskeleton, is one of the most abundant proteins in many cells. Met codon). The last two repeat sequences near the codon AUGare highly homologous to each other and they are apparently complementary to the sequence of the 3' terminal of 18S rRNA (3' GGCGUCGUCCAAGUG-GAUG 5' ).17) The sequences corresponding to the SD sequence18) in prokaryotic mRNA has been unknown in eukaryotic mRNA, but Yamaguchi et al.19) showed that an apparent complementary sequence to the 3' terminal of 18S rRNA in the 5' noncoding region of the eukaryotic mRNAenhanced the rate of initiation complex formation and proteinsynthesizing ability. Therefore, it is possible that these 15 base-repeat sequences may enhance the rate of human jS-actin translation or mRNA stability.
Also unique sequences found in the 5' untranslated region of about 1.2kb are 
